established in the south-eastern part of Europe and it became a commonly grown crop in several parts of the European mainland and Scandinavia during the Iron Age (400 bce-ce 500) (Plessers et al., 1962; Knörzer, 1978; Bouby, 1998) . Seeds of C. alyssum were a substantial part of the human diet, together with flax and other cereals (Hjelmquist, 1979) . The species that is now known as Camelina sativa L. Crantz probably emerged during prehistoric times from plantings of C. microcarpa and/or C. alyssum (Knörzer, 1978) . It is also not clear how or when the event of speciation of C. sativa took place.
Genetic analyses provide an alternative approach to address the question of the origin of a species. A recent study (Ghamkhar et al., 2010) used AFLP fingerprinting to investigate the genetic diversity in a previously not accessible set of C. sativa accessions from the Russian-Ukrainian area, together with accessions from central and western Europe, China and Australia. In accordance with archaeological records, it identified the Russian-Ukrainian region as a genetic diversity hotspot and potential centre of origin of the species.
The importance of camelina as a food crop declined during the Middle Ages and it was grown only sporadically until modern times (Knörzer, 1978; Hjelmquist, 1979) . Aside from its limited utilization as edible oil, camelina oil was the lamp oil of choice until the discovery of
History of Camelina Cultivation
Camelina (Camelina sativa L. Crantz) is an ancient oilseed that belongs to the Brassicaceae (mustard) family. It is also known as gold-ofpleasure, false flax, large-seeded false flax, wild flax (UK), linseed dodder, Dutch flax, German sesame, or Siberian oilseed (Putnam et al., 1993; Zubr, 1997) . While some of these names hint at the plant's resemblance to flax (Linum usitatissimum), the latter three denotations provide an indication of the geographical origin of this species. Thus, archaeological records indicate that the south-eastern Europesouth-western Asian steppe regions are most likely the centre of origin of camelina (Knörzer, 1978; Zohary and Hopf, 2000) .
Observations from mostly carbonized seeds and capsules suggest that the evolution of camelina as a crop was initiated when the wild species Camelina microcarpa and C. alyssum (synonym: linicola, macrocarpa, dentata) were domesticated in the late Neolithic in south-eastern Europe (Zinger, 1909; Knörzer, 1978; Putnam et al., 1993) . With the expansion of agriculture, camelina very early invaded cultivated land as a weed in flax (Schwanitz, 1967) . But soon the nutritional value of the oleiferous seeds was discovered and camelina was grown as a crop in monoculture. In the Bronze Age (1500-400 bce), camelina was well gas and electricity; later it was used in the production of soft soaps and coating material. Prior to the 1930s, the crop was still grown on sandy soils in France (Guillaumin, 1946) , Belgium, Holland, the Balkan region and in Russia from Caucasus to Siberia (Wacker, 1934; Plessers et al., 1962; Zubr, 1997) . The cultivation of camelina declined further with the introduction of oilseed rape. According to Crowley (1999) , the lower cost of hydrogenating rape oil and the lack of knowledge of potential large-scale applications for camelina oil were the major reasons for the lack of interest in the crop.
With the colonization of the New World by European settlers, camelina was introduced for a second time into a new environment as a weed in flax (Putnam et al., 1993) . In his voluminous encyclopaedia on the fauna of the central and southern USA, Porcher (1863) described the positive agronomic attributes of camelina, praising its low fertilizer requirements, high yield, early maturity, frost and drought tolerance and resistance to certain insect pests. In the middle of the 20th century, a 30-year research programme was started at the University of Minnesota, whose results added significantly to the body of knowledge on cultivation and potential uses of camelina in the USA (Robinson, 1987) . The results of this comprehensive study showed that camelina was similar to flax, rape, mustard and canola in maturity, yield and requirements for harvesting machinery and that its cultivation was accompanied with lower production costs than any of the other oilseed crops. Trials conducted in Canada (Plessers et al., 1962) obtained results similar to those in the USA and led to the suggestion that camelina should be given serious consideration as a potential oilseed crop for northern latitudes.
However, despite numerous favourable accounts of camelina as a low-input oilseed crop, until recently camelina has not been cultivated except for small isolated plantings (Gugel and Falk, 2006) . Similar to the situation in Europe, the lack of a market for the oil has hindered the establishment of camelina as a crop in North America. However, with an increasing demand for vegetable oils and rising petroleum prices this may change. Camelina has recently gained renewed interest as an oilseed crop in Europe (Zubr, 1997; Hebard, 1998; Leonard, 1998; Bonjean and Le Goffic, 1999) , North America (Putnam et al., 1993) and Australia (Francis and Campbell, 2003) , primarily because of the exceptional level of the ω-3 essential fatty acid α-linolenic acid in its oil, favourable agronomic attributes, its potential as a low-input source of biofuels and as a feedstock for the oleochemical industry (Fröhlich and Rice, 2005) . Currently, it is being grown as a feedstock for biofuels in several northern US states (Fröhlich and Rice, 2005; Moser and Vaughn, 2010) , such as Montana, North Dakota and Washington.
Biology
Camelina is a herbaceous, fast-growing annual with both spring and winter forms (Putnam et al., 1993) . Plants are taprooted and can attain heights of between 30 and 110 cm (Putnam et al., 1993; Francis and Warwick 2009; Berti et al., 2011) . Initially, a rosette is formed; winter-type camelina as well as spring-type camelina sown in the autumn in climates with mild winters remain dormant in this stage over winter (Crowley, 1999) . In spring or otherwise 1 week to 10 days after a rosette is established, a single erect, either smooth or sparsely haired, stem is initiated (Putnam et al., 1993; Francis and Warwick, 2009) . Depending on the genotype, stems are more or less heavily branched and become woody as they mature. Leaves are arrow-to lance-shaped with smooth or lobed edges. They are typically 2-8 cm long and 2-10 mm wide and can be either smooth or feature a few, primarily dichotomic, hairs (Putnam et al., 1993; Francis and Warwick, 2009) . Lacking a petiole, the leaves are usually clasping and arranged in an alternate manner.
From 4 to 6 weeks after germination, depending on the prevailing weather conditions, camelina plants start to flower, with a flowering period of about 2 weeks (Akk and Ilumäe, 2005) . Inflorescences are arranged as racemes with the flowers in terminal clusters (Francis and Warwick, 2009) . Flowers are small and pale yellow to greenish yellow in colour with a diameter of 5-7 mm (Fig.17.1) . The organization of the flower is similar to that of other cruciferous crop plants but features delicate, lance-shaped petals. Camelina is primarily self-pollinating (Plessers et al., 1962; Zubr, 1997; Mulligan, 2002) . To the best of our knowledge the only study that investigated the rate of out-crossing in camelina is a field study conducted in Alberta, reporting rates of at maximum 0.28% at 20 cm distance (Walsh et al., 2012) . However, cross-pollination mediated by insects, i.e. bees, has been suggested by several authors (Blamey and Grey-Wilson, 1989; Corbet et al., 1991) .
The fruits of camelina are smooth pearshaped siliques 7-9 mm in length. At first sight, they resemble the seed capsules of flax, a character that led to denotations such as false flax or wild flax in the European vernacular. Siliques usually contain 5-15 golden, brown or reddish brown seeds; however, up to 25 seeds per silique have been reported . Seeds are oblong-oval and rough, having a deeply ridged surface (Putnam et al., 1993; Francis and Warwick, 2009) . They are small with 1000-seed weights averaging about 1.0 g and ranging from 0.3 to 2.3 g, depending on genotype and growing conditions during seed development (Gugel, personal communica tion; Plessers et al., 1962; Zubr, 1997; Schuster and Friedt, 1998; Gugel and Falk, 2006; Vollmann et al., 2007) .
Seed oil contents of 300-460 g kg −1 seed have been reported (Robinson, 1987; Putnam et al., 1993; Budin et al., 1995; Angelini et al., 1997; Zubr and Matthäus, 2002; Zubr, 2003; Gugel and Falk, 2006; Vollmann et al., 2007) and a considerable environmental variation in oil content and its composition has repeatedly been demonstrated (Zubr, 2003; Vollmann et al., 2007) . In northerly locations the oil content of camelina is usually higher than in more southerly locations (Plessers et al., 1962; Gugel and Falk, 2006) , which is probably due to the fact that the predominantly cool and moist weather in northern areas is conducive to proper seed filling and maturation.
Camelina oil is largely composed of unsaturated fatty acids with 25-42% α-linolenic acid (C18:3), 13-21% linoleic acid (C18:2), 14-20% oleic acid (C18:1), 12-18% gondoic (eicosenoic) acid (C20:1) and 2-4% erucic acid (C22:1) (Budin et al., 1995; Zubr and Matthäus, 2002; Vollmann et al., 2007) . This high content of unsaturated fatty acids usually is suggestive of a low degree of oxidative stability, but the oil is more stable than expected due to its high content of phenolics and tocopherols (vitamin E), which act as antioxidants (Budin et al., 1995; Abramovič and Abram, 2005) . Therefore, camelina oil is more stable to oxidative degradation than other unsaturated oils, such as fish or flax oil.
Crude, cold-pressed camelina seed oil destined for human consumption possesses a high purity, i.e. homogeneity, relative to crude oils from brassicas; therefore, the only treatment necessary after pressing of the seed is filtration of the oil. Deodorization, neutralization, degumming and bleaching, which are necessary for processing crude canola oil into edible oil, are not necessary (C. Rosengren, Three Farmers, personal communication). Also, according to Zubr (1997) , these processes can have adverse effects on the quality of the oil. However, camelina oil is prone to photooxidation and should therefore be stored in the dark (Abramovič and Abram, 2005) .
Compared to other vegetable oils, camelina oil is unusually high in cholesterol (45 mg 100g −1 compared to 10 mg 100g −1 ) (Shukla et al., 2002) . Antinutritive components, such as glucosinolates, sinapine, inositol phosphate and condensed tannins, have been identified, even though only at low levels (Matthäus and Angelini, 2005) .
Agronomics

Time of planting
Camelina can be grown as a spring annual, a winter annual or a biennial winter crop, the latter requiring vernalization. Even though biennial forms do exist, they are not commonly grown and camelina seeded in the autumn in regions of the northern USA or southern Canada are generally spring types that overwinter. This is possible because the plants are extremely frost tolerant in the seedling and rosette stage (Putnam et al., 1993; Angelini et al., 1997) . Thus, in northern France, winter annual camelina has been reported to tolerate several days with temperatures of −10 to −14°C without snow cover (Bonjean and Le Goffic, 1999) . Even in Saskatchewan with its harsh winters, spring camelina has been successfully sown in autumn. Alternatively, it can be sown on frozen ground in late November to early December. Since the seedlings are able to cope with several cycles of freeze-thaw (Putnam et al., 1993; Angelini et al., 1997) , the seeds start to germinate early in spring at temperatures near 0°C, well before the emergence of weeds, a feature that increases the competitiveness of the crop (Putnam et al., 1993; Zubr, 1997) . Autumn or winter seeding of spring camelina is particularly advantageous in dryland regions where it maximizes the amount of soil moisture initially available for the crop by taking advantage of rainfall during the cooler spring months (Pilgeram et al., 2007) . However, in areas with wet mild winters, as found in several parts of Europe, winter-sowing has proven to be unsuccessful particularly without the use of herbicides and fungicides due to high levels of weed competition, diseases and excessive lodging early in the season, which result in difficult harvesting conditions and consequently low yields (Crowley, 1999) .
Aside from the research mentioned above, the effect of seeding date on the performance of camelina has not been thoroughly studied, although the choice of a proper seeding date may be critical for the success of camelina production in a certain region. Currently, most annual camelina, when seeded in spring, is seeded at the same time as spring-type brassica oilseeds. Camelina at different developmental stages is shown in Fig. 17 .2. Agegnehu and Honermeier (1997) found that camelina showed the highest yields at a seeding rate of 400 seeds m −2
Seeding rates
. At a seeding rate of 800 seeds m −2 yield components such as branches/ plant, pods/plant, seeds/pod and seed weight/ plant decreased. Similarly, Bramm (1993) , Graf and Vetter (1994) and Schuster and Friedt (1995) suggested that sowing 400 seeds m −2 is most effective for maximum seed production. In trials studying the effect of seeding rate (5, 8 and 11 kg ha the different seeding rates did not result in significant yield differences. This observation led the authors to suggest that a lower seeding rate of 5 kg or 300 seeds m −2 is sufficient to achieve adequate plant stands and consequently satisfactory yields (Crowley and Fröhlich, 1998) . However, this recommendation was made on the assumption that the germination rate was 90% and the 1000 seed-weight was 1.5 g on average. Other authors likewise reported a seeding rate of 300 seeds m −2 to be sufficient (Pearson and Walker, 1999; Francis and Campbell, 2003) . In contrast, other researchers recommended seeding rates of up to 600 seeds m −2 (Zubr, 2003; Urbaniak et al., 2008) . The most recent study on seeding rates was a field trial conducted in Saskatchewan. It determined optimum plant densities to be between 114 and 172 plants m −2 , which corresponded to a seeding rate of 316 to 437 seeds m −2 (average germination in this study was 42%). This study also revealed that higher plant stands hastened the maturity of camelina plants by as much as 7 days. The authors recommended a seeding rate of 550-700 seeds m −2 since this rate would provide targeted plant densities, even if only 25% of the seeds emerged. These rates correspond to 5.5 to 7.0 kg ha −1 , depending on 1000-seed weight, soil conditions, weed pressure, etc. (Johnson et al., 2010) .
Nitrogen and water requirements
A number of studies have looked at nitrogen (N) requirements of camelina, with quite variable results. For example, camelina grown in trials in Minnesota responded well to a N rate of 90 kg ha −1 (Budin et al., 1995) , while studies in Montana showed that between 80 and 100 kg ha −1 combined soil and fertilizer NO 3 -N is required for optimum production of camelina (Jackson, 2008) . Results from Denmark (Zubr, 2003) , as well as Saskatchewan (Johnson et al., 2010) , indicated that the optimum N supply is attained at about 100 kg ha −1 . Researchers in Ireland investigated the effect of applied N on yield, oil content and the level of diseases in camelina. From the results of this 2-year study, the authors inferred that the optimum economic response to N application was achieved at 75 kg ha −1
. While the incidence of disease (Botrytis cinerea) was found to intensify with increasing N rates, the oil content was not significantly affected (Crowley and Fröhlich, 1998) . In contrast, studies conducted in Poland established that the amount of applied N had a direct effect on oil content and fatty acid composition and therefore, seed quality (Zadernowski et al., 1999) . Similar results were obtained from research conducted in Romania where N levels of 100 kg ha −1 led to a yield increase of 58% with a slight decrease in oil content (Bugnarug and Borcean, 2000) . Likewise, in an Austrian study, increasing the N rate from 60 to 120 kg ha −1 N resulted in a 30% yield increase and a significant decline in oil content (Agegnehu and Honermeier, 1997) . Cultivars tested in a Canadian study responded to increasing N with increasing plant height, seed yield, seed protein and total plant nitrogen and a decrease in oil content. At higher levels of N supplementation (>60-80kg ha −1 N), significant changes in these parameters did not occur (Urbaniak et al., 2008) . In trials in western Canada, a significant yield response was observed only at one out of three sites (Day and Chalmers, 2007) . In contrast, camelina yields responded positively to high levels of N (140 kg ha −1 ) at one site out of two in another Irish study (Crowley, 1999) . On the other hand, higher levels of N on the second, more fertile site led to greater lodging and disease, consequently reducing yields. However, over-application of N in camelina is most likely not to occur, because that would remove one of the reported economic advantages of growing camelina -namely that it is a low input crop.
It is well documented that camelina is drought and heat tolerant (Porcher, 1863; Plessers et al., 1962; Robinson, 1987; Putnam et al., 1993; Angelini et al., 1997; Zubr, 1997; Blackshaw et al., 2011) . There are two consecutive studies that investigated the water use of a camelina crop in the irrigated semi-arid environment of Arizona, USA, in order to provide camelina growers in arid regions with practical tools for managing irrigation. The first study revealed that the average seasonal water consumption of camelina ranged from 333 to 423 mm (French et al., 2009) . A subsequent study by Hunsaker et al. (2011) investigated the effect of irrigation water on yields and found that varying total water amounts did not have a significant effect on yield. In this study, the total evapotranspiration for camelina, which equates to the minimum water requirement of the crop, was 332 to 371 mm, which is markedly less than that typically needed by grain and vegetable crops (600-655 mm) (Hunsaker et al., 2011) and that needed by Lesquerella fendleri (668 mm), an industrial oilseed crop that is native to the semi-arid south-western USA (Hunsaker et al., 1998) . These data strongly support the fact that camelina merits serious consideration as a cropping alternative in regions where long-standing droughts, urbanization and strong competition for water supplies hinder successful production of crops such as wheat or cotton (French et al., 2009 ).
Yield potential
Since shattering is not an issue in camelina (Zubr, 1997) , it can be either swathed or directly combined. Combines used to harvest other brassica oilseeds can be used to harvest camelina provided that a 3 mm lower sieve is fitted (Crowley and Fröhlich, 1998) (Fig. 17.3 ). In addition, combines and grain trailers should be carefully sealed to prevent the loss of seed.
Camelina is a crop that has not undergone intensive breeding relative to other oilseeds; however, it shows a high yield potential. This high yield potential was first documented in the New World by Porcher in 1863. In the middle of the last century, Plessers et al. (1962) evaluated a number of camelina lines from Europe and Asia for agronomic performance in comparison to flax and rape, in Ottawa, Ontario and Fort Vermillion, Alberta. The authors found that camelina matured 3 to 4 weeks earlier than flax in northern Alberta and that the yields ranged from 1357 to 1963 kg ha −1 (average of 1650 kg ha −1 ), which was 2.5 times more than the average yield of flax and 50% higher than the yield of summer rapeseed. As mentioned earlier, due to its earliness and high yield potential the authors suggested that camelina should be considered as an oilseed crop for northerly regions. More recently, field trials conducted over a period of 9 years in Minnesota showed that camelina had a yield potential similar to that of other cruciferous oilseeds such as Brassica napus, Sinapis alba and Crambe abyssinica (Putnam et al., 1993; Budin et al., 1995) . In this study, seed yields averaged 1150 kg ha −1 and ranged from 600 to 1700 kg ha −1
. In field trials conducted by Agegnehu and Honermeier (1997) in Austria, yields averaged 1440 kg ha −1 and ranged from 820 to 1950 kg ha −1 . However, in a previous study by the same authors, yields of camelina were as high as 3100 kg ha −1 in one treatment (loamy soil with 120 kg ha −1 applied N) (Honermeier and Agegnehu, 1994) . Another Austrian study reported yields of up to 3250 kg ha −1 (Vollmann et al., 1996) . Gugel and Falk (2006) studied the agronomic performance of several camelina accessions in western Canada in comparison to B. napus, B. rapa and B. juncea. They found that the camelina accessions matured relatively early and that most accessions had seed yields competitive with those of the brassicas. The yield of camelina ranged from 1177 kg ha , respectively, at those locations. In field trials in Australia camelina yielded on average 1700 kg ha −1 , out-yielding canola at some locations (Francis and Campbell, 2003) . Zubr (1997) again reported yields of 2600 kg ha −1 and 3300 kg ha −1 for spring and winter varieties, respectively. A more recent study comparing various field crops at multiple locations in western Canadian provinces was conducted by Blackshaw et al. (2011) . The study was conducted in Alberta, Saskatchewan and Manitoba with the objective of determining the oil yield potential of various crops relative to that of B. napus canola in the semi-arid, short-season environment of the Canadian prairies. The number of site-years (out of a total of 9) that crops attained similar or significantly greater yields compared to canola were camelina (6), oriental mustard (5), B. juncea canola (3), flax (Linum usitatissimum) (3), soybean (Glycine max) (3), B. rapa canola (2), yellow mustard (S. alba) (2) and Ethiopian mustard (B. carinata) (1). Notably, camelina performed well at many locations and attained greater yields than B. napus canola under higher than normal rainfall as well as lower than normal rainfall (Blackshaw et al., 2011) . Pavlista et al. (2012) conducted a study on the growth patterns of B. napus, B. juncea (brown mustard) and C. sativa in the High Plains of western Nebraska. The results showed that the growth curves of canola, brown mustard and camelina differed considerably. Thus, canola tended to accumulate more biomass than the other two crops, while brown mustard tended to be larger. However, all three crops did not differ significantly with regard to yield, which suggests that the harvest index (weight of a harvested product as a percentage of the total weight of a crop) of camelina is superior to that of canola and brown mustard.
Pests and diseases
Camelina is tolerant to many insect pests such as the crucifer flea beetle (Phyllotreta cruciferae Goeze (Coleoptera: Chrysomelidae)) (Pachagounder et al., 1998; Henderson et al., 2004) and the cabbage root fly (Delia brassicae Wiedemann (Diptera: Anthomyiidae)) (Finch, 1978) . Camelina is also resistant to blackleg (Leptosphaeria maculans (Desmaz.) (Ces. & de Not.)) (Salisbury, 1987) and alternaria blight (Alternaria brassicae (Berk.) Sacc.) (Conn et al., 1988; Narasimhulu et al., 1994) , which has been attributed to the production of the phytoalexin camalexin. However, camelina is susceptible to aster yellows disease (Candidatus Phytoplasma asteris) (Fig. 17.4) , clubroot (Plasmodiophora brassicae Woronin), white rust (Albugo candida), sclerotinia stem rot (Sclerotinia sclerotiorum Lib. De Bary), brown girdling root rot (Rhizoctonia solani Kühn) and downy mildew (Hyaloperonospora camelinae Gäum.). Genotypes resistant to brown girdling root rot (Conn et al., 1988) , aster yellows (Olivier, unpublished data), downy mildew (Vollmann et al., 2001 ) and sclerotinia stem rot (Eynck et al., unpublished data) (reviewed in Séguin-Swartz et al., 2009 ) have been identified, a necessary step in developing cultivars resistant to these diseases.
Weed control
Possibly the most intractable factor that limits the adoption of camelina as an oilseed crop is its sensitivity to broadleaf herbicides. While the grass herbicide Assure II received Minor Use registration in 2010, camelina has not shown tolerance to any of the post-emergence broadleaf herbicides tested so far, including herbicides of the imidazolinone, pyridine, aromatic acid, nitrile, phenoxy, triazolopyrimidine, organophosphorous, anilide, cyclopropylisoxazole or triazinylsulfonylurea classes, plus clomazone and bentazone (Johnson et al., 2010) . However, camelina tolerates the pre-emergence application of trifluralin, which is currently the only chemical broadleaf weed control option available. Recently, a camelina line showing some tolerance to acetolactate synthase (ALS) inhibitor herbicides was created through mutagenesis using ethyl methane sulfonate (EMS) at Washington State University, Pullman, Washington, USA. Although this line is not completely tolerant to ALS-inhibitor herbicides (it still shows stunting symptoms after direct application of the recommended field rate), it exhibits tolerance to herbicide carry-over and may therefore help to create an ALS-inhibitor tolerant camelina cultivar that can be incorporated into current crop rotations that use ALS-inhibitor herbicides (Walsh et al., 2011) .
Interestingly, a considerable suppressive effect on weeds was observed when camelina was used in mixed cropping systems. Saucke and Ackermann (2006) explored the use of camelina in an intercrop with peas and found that there were significantly fewer weeds in the intercrop in comparison to either monocrop. In his studies on intercropping of wheat, lupines and peas with camelina, Paulsen (2007) likewise noted an increased weed control. The author noted that if a substantial market was available for camelina oil and meal, the economics of intercropping would be favourable.
Invasive potential of camelina
However disadvantageous the high sensitivity to broadleaf herbicides may be for the establishment of camelina as a widely grown crop, this putative shortfall may be somewhat advantageous. For example, in situations where camelina is accidently introduced, control should be relatively simple. Also, in our experience camelina does not appear to have any persistence issues, i.e. dormancy or volunteering, which is a characteristic of recurring annual weeds. Robinson (1987) for instance 
Breeding
Although the use of camelina by humans traces back to prehistoric times, until recently there have been few efforts to improve the crop through systematic breeding (Vollmann et al., 2005) . Thus, to the best of our knowledge, the first record of camelina breeding in Europe was published in the late 1980s when Seehuber et al. (1987) proposed the singleseed-descent method as an approach to achieve substantial yield gains in a short time. Since then, a comprehensive body of knowledge on agronomy, seed quality, as well as breeding has been created by Josef Zubr at the Royal Veterinary and Agricultural University in Frederiksberg, Denmark and Johann Vollmann at the University of Natural Resources and Life Sciences in Vienna, Austria. Zubr developed a number of cultivars adapted to northern Europe, e.g. the cultivar 'Hoga' (Crowley and Fröhlich, 1998; Fröhlich and Rice, 2005) . Vollmann developed a camelina cultivar that is probably the best known and most successful in North America: 'Calena' (Vollmann, personal communication) . This cultivar shows excellent yield potential and high oil content. However, it is highly susceptible to downy mildew (Hyaloperonospora camelinae). Other cultivars that were developed by European breeding companies and introduced to North America include 'Lindo' and 'Ligena' (DSV Deutsche Saatveredelung, Germany) and 'Celine' (Limagrain, France If camelina is to be widely grown in North America, a concerted effort to develop adapted cultivars/germplasms needs to occur. The major breeding objectives for camelina include, but are not limited to, developing adapted earlymaturing strains with superior seed yield, high seed oil and meal protein contents as well as resistance/tolerance to biotic stresses such as disease and insect pests.
Genetic diversity or variation is a key factor in the development of new genetic material and it appears from early work in the USA and research from Gugel and Falk (2006) that adapted germplasms are available to at least begin the process of cultivar development.
A high degree of genetic diversity was reported by Ghamkhar et al. (2010) , who used amplified fragment length polymorphism (AFLP) fingerprinting to analyse the genetic diversity among 53 camelina accessions. In contrast, Vollmann et al. (2005) , who applied a set of 15 random amplified polymorphic DNA (RAPD) markers, observed only little genetic diversity among 41 camelina accessions from a range of geographic locations. In the same material, however, they found considerable phenotypic variation in agronomic as well as seed quality traits, which per se reflects genetic distinctiveness between genotypes. In agreement with this observation, several previous publications have described significant genetic variation in several seed quality parameters (Budin et al., 1995; Schuster and Friedt, 1998; Zubr and Matthäus, 2002; Zubr, 2003) . Since the two estimates of diversity in the study of Vollmann et al. (2005) sampled different segments of the genome, i.e. regions coding for seed characteristics on the one hand and phenotypically neutral genomic regions flagged by discrete markers on the other, and the number of markers was generally low, it is not surprising that the two approaches did not yield similar results (Vollmann et al., 2005) . However, the considerable variation in agronomic and seed quality characters observed suggests that sufficient variation is present in current camelina germplasm to allow good progress toward increased seed oil content and yield, two of the main selection objectives in breeding oilseed crops. The fact that the oil content, a highly heritable trait in camelina (Vollmann et al., 1996) , and seed yield were positively correlated (Seehuber, 1984; Vollmann et al., 1996 Vollmann et al., , 2007 Gehringer et al., 2006 ) is a helpful factor in the selection of desirable genotypes.
Another breeding objective that deserves attention is the improvement of seed size. As mentioned earlier, most cultivars are relatively small seeded when compared to other oilseeds such as canola or flax. Camelina's current seed size may in fact hinder its adoption in modern agriculture since small-seeded crops are generally more difficult to manage with large farm equipment (both seeding and harvest). Larger seeded forms would also result in better seedling emergence and thus better establishment of the crop under dry seeding conditions. Also, postharvest considerations may benefit from a larger seed since oil extraction is generally more efficient with large-seeded cultivars (Vollmann et al., 1996) . However, Vollmann et al. (1996 Vollmann et al. ( , 2007 concluded from their observations that an improvement of the 1000-seed weight of camelina above 1.5 g may be of low immediate value due to concomitant reductions of both oil content and seed yield. Seed oil and meal protein content are correlated with seed size since the hull would make up a smaller (or larger) proportion of the total seed depending on the oil or protein content. In sunflower (Helianthus annuus L.), for example, Putt (1943) found a small negative correlation between seed size and oil content. He also found a strong positive correlation between seed yield and seed size. Ollson (1960) found a strong negative correlation between seed size and oil content in B. napus. However, it is interesting to note that Ollson was able to select for both large seed and high seed oil content as evidenced by the release of the cv. 'Tanka', which combines both traits.
In a study on material exhibiting a smaller range of seed sizes, Seehuber (1984) did not observe a significant correlation between seed size and oil content in camelina. Plessers et al. (1962) in their early performance evaluations of camelina noted that the cultivar with the largest seeds also possessed the lowest oil content. At the same time, however, the authors considered the combination of large seed and high oil content in one line quite possible. Our own preliminary observations likewise suggest that certain populations derived from crosses of large-seeded lines and lines with high oil content in fact bear individuals that combine both features.
Marker assisted selection, mapping and genomics
Very little work has been done on the creation of a genetic map and the identification of quantitative trait loci (QTLs) associated with agronomic or quality characteristics in camelina. The only study published thus far reported on the development of a recombinant inbred line (RIL) mapping population that was used to construct a linkage map from 157 AFLP markers and three brassica simple sequence repeat (SSR) markers on a total of 20 linkage groups. QTLs for oil content, seed yield, plant height, 1000-seed weight, oleic, linoleic, linolenic, eicosenoic (gondoic) and erucic acid were identified. Interestingly, the major QTL for oil content co-localized with a QTL for seed yield and might therefore be a promising target for the simultaneous improvement of seed yield and oil content (Gehringer et al., 2006) . Another interesting observation from this study was that a large proportion of the homologous SSR primers amplified more than one locus and that several AFLP markers showed a skewed segregation pattern. This led the authors to conclude that the camelina genome may possess a polyploid or duplicated structure. This assumption is supported by results of a study on intron-length polymorphisms in the β-tubulin gene family in camelina . The authors found an exceptionally high number of β-tubulins and a general correspondence between Arabidopsis and camelina β-tubulin genes of 1:2, which resembles the situation between barley and the closely related hexaploid wheat with 5 and 15 α-tubulin gene sequences, respectively (Farajalla and Gulick, 2007) . Hutcheon et al. (2010) further suggested a hexaploid, more precisely, an allohexaploid structure of the camelina genome; a hypothesis that is supported by the observation that camelina shows diploid inheritance (Gehringer et al., 2006; Lu and Kang, 2008) . According to Gehringer et al. (2006) , polyploidy might be one reason for the conflicting results with regard to chromosome numbers. Thus, chromosome counts in camelina have been reported as n = 6 or 14, or 2n = 12, 26 or 40, with 2n = 40 being the most common number (Warwick et al., 1999; Mulligan, 2002; Gehringer et al., 2006) . Among the members of the tribe Brassiceae, a base chromosome number as high as n = 20 has only been found among known alloploids or autoploids (Warwick et al., 2000) . The finding that camelina is most likely an allohexaploid is not only most interesting from a scientific point of view, but also of major importance from a practical standpoint since the manipulation of agronomic properties, with the help of marker-assisted breeding, mutagenesis or transgenesis requires knowledge about the duplication status of the genome (Hutcheon et al., 2010) .
Bioplatform development
Another area of interest for plant breeders and plant molecular biologists is the development of camelina as a dedicated non-food oilseed crop or bioplatform crop that can be used for metabolic engineering of novel oil compositions for industrial applications. Conventional selection has led to the identification of lines with an increased content of linolenic acid (Seehuber, 1984; Zubr and Matthäus, 2002; Zubr, 2003; Vollmann et al., 2005 Vollmann et al., , 2007 , as has EMS-based mutagenesis (Büchsenschütz-Nothdurft et al., 1998) . However, none of these lines exhibited linolenic acid concentrations high enough to make camelina oil, which does not currently fit any particular use, into valuable industrial oil. While the variability inherent in camelina has yet to be fully exploited using conventional breeding methods, transgenesis is a promising option for developing specific oil profiles. Recently, an Agrobacterium-based floral infiltration method for the genetic transformation of camelina was developed (Lu and Kang, 2008) . This protocol was first developed for the model plant Arabidopsis thaliana, which is interestingly the closest relative to camelina among the Brassicaceae family (Flannery et al., 2006) and whose genome is therefore an ideal reference for the development of genetic and genomic tools in camelina (Hutcheon et al., 2010) . Largely due to the availability of this transformation protocol, camelina is likely to gain increasing interest as a platform for producing novel, high value industrial oils. For instance, Lu and Kang (2008) demonstrated the accumulation of the hydroxy fatty acid ricinoleic acid in camelina seeds through the seed-specific expression of a castor fatty acid hydroxylase gene as an economic alternative to castor oil. At this point in time, no genetically modified camelina cultivars are grown in Canada. However, first risk assessment studies under field conditions with genetically modified camelina lines, featuring an altered fatty acid profile, are currently being done by Linnaeus Plant Sciences, Inc., in collaboration with the laboratory of Linda Hall, University of Alberta (Edmonton, Alberta, Canada).
Camelina Oil as a Feedstock for Biofuels
Straight vegetable oil (SVO)
First results on the use of neat camelina straight vegetable oil (SVO) as a biofuel were described by Bernardo et al. (2003) , who used coldpressed and filtered camelina oil directly in a car engine to test its applicability as a fuel for unmodified diesel engines in comparison to mineral diesel fuel. The results of the study revealed that camelina oil showed an increased maximum power output with 43.25 kW compared to 38.50 kW for the mineral fuel and greater fuel consumption with 12.57 km l . Smoke opacity and carbon monoxide production were 50% less with camelina oil than with mineral diesel fuel.
Nitric oxide emissions were higher (6%) for the camelina oil at higher numbers of revolutions, but similar for the two fuels at less than 3500 rpm. Little nitrogen dioxide (NO 2 ) was produced by combustion of either fuel, and both fuels produced similar amounts of carbon dioxide (CO 2 ). Oxygen (O 2 ) levels in the exhaust were also similar. Being highly unsaturated, camelina oil was shown to be susceptible to oxidation. Accordingly, accelerated thermal aging tests (heating to 170°C) revealed a significant reduction in the degree of unsaturation and a corresponding increase in viscosity.
Next to mineral diesel fuel, Paulsen et al. (2011) High CCR values may result in the formation of carbonaceous deposits in certain parts of the engine; furthermore, low oxidation resistance limits storage time. Although these characteristics are negative if camelina is to be used as a fuel, the remedy is relatively simple. First, injection nozzles can be cooled to prevent carbon deposition and the oil can be supplemented with antioxidant additives. Addition of the latter would help to avoid auto-oxidation, the polymerization process and the formation of lacquer-like films and consequently increase the duration of biofuel storage time (Paulsen et al., 2011) .
Biodiesel
Camelina oil has been successfully converted into biodiesel (fatty acid methyl and ethyl esters, FAME and FAEE) by a number of methods, including transesterification with alkaline catalysts (Rice, 1995; Fröhlich and Rice, 2005; Moser and Vaughn, 2010; Wu and Leung, 2011) , heterogeneous metal oxide catalysts, both with and without microwave irradiation (Patil and Deng, 2009) , and at uncatalysed sub-and supercritical conditions employing co-solvents with methanol (Patil et al., 2010) . However, the method most often reported is transesterification in the presence of a homogeneous alkali catalyst and excess methanol at elevated temperatures (Moser, 2010) . Critical parameters that determine biodiesel yield from camelina oil are: (i) nature and concentration of the catalyst; (ii) reaction time; and (iii) reaction temperature; as well as (iv) the mole ratio between camelina oil glyceride esters and alcohol, i.e. either methanol or ethanol. Two studies investigated in detail the esterand fuel-specific characteristics of biodiesel obtained through homogeneous alkali-based transesterification from camelina oil in the context of European and American specifications for standard biodiesel. An Irish study (Fröhlich and Rice, 2005) evaluated the production of biodiesel-grade methyl ester from camelina oil and compared its properties with the limits in ÖNORM C 1191 (1997), which was the first national standard for fatty acid methyl esters as engine fuels in Europe and which was later replaced by the European standard EN 14214 (European Committee for Standardization, 2001). The study indicated that the ester-specific properties of camelina biodiesel were within the limits of ÖNORM C 1191, except for two parameters. First, the iodine value (IV), which is a measure for the degree of unsaturation in an oil sample, was far above the limit of 120 owing to the high levels of polyunsaturated acids in camelina oil. Second, the ash levels were higher than allowed in some cases, but this was found to be due to insufficient washing in this particular experiment.
The fuel-specific properties of camelina biodiesel were also within the specifications of ÖNORM C 1191; however, the authors state that the cold filter plug point (CFPP, temperature at which wax crystals form in a fuel to the extent that they plug filters) of −4°C may cause problems under low temperatures. It is worth noting that the average CFPP of camelina methyl ester was similar to that of rapeseed oil, which is to be expected since both oils possess about the same amount of saturated fatty acid esters which can crystallize due to their high (>30°C) melting points.
However, the addition of admixtures improved the CFPP of camelina biodiesel to up to −12°C and the pour point (lowest temperature at which an oil will flow) from −8°C to −19°C. Likewise, the low-temperature properties of camelina methyl ester improved when mixed with diesel oil proportional to the amount of diesel oil in the blend. In vehicle trials, no evidence of any adverse effect of the high iodine value such as an increase in viscosity near the end of an oil-change interval or deterioration of the fuel was observed. This finding is in agreement with that of Prankl et al. (1999) , who performed comprehensive trials with car and tractor engines in Austria. Further, the metal wear levels in the lubricating oil were identified to be normal in the study of Fröhlich and Rice (2005) . As is common for biodiesel from other feedstocks, the authors documented a slight but not statistically significant reduction in fuel economy (Fröhlich and Rice, 2005) .
Moser and Vaughn (2010) conducted a thorough examination of the fuel properties of camelina methyl and ethyl esters prepared from base-catalysed transesterification, along with an evaluation of camelina methyl ester as a blend component in ultra-low-sulfur diesel fuel. They also conducted a comparison of camelina methyl ester with canola and palm methyl esters, along with soybean methyl and ethyl esters. Parameters included temperature operability, oxidative stability, cetane number (CN, measurement of the combustion quality of diesel fuel during compression ignition), acid value (AV, measure of acid in the fuel), sulfur and phosphorus content, lubricity, iodine value, surface tension and kinematic viscosity. Again, the relatively high polyun saturated and trienoic acid (C18:3, C20:3) contents of camelina oil resulted in an IV substantially higher than that of other oils. Although the American biodiesel standard ASTM D6751 (B 100 standard of the American Society for Testing and Materials) does not include an IV limit, the European biodiesel standard EN 14214, as mentioned above, limits maximum IV values to 120. Thus, in order for camelina oil to be acceptable as a feedstock in areas where the European standard is applied, blending with feedstocks with higher saturated fat content would be necessary.
Similar to the results of Fröhlich and Rice (2005) and also Freedman et al. (1984) who worked with other vegetable oils, Moser and Vaughn (2010) found that the yield of camelina methyl and ethyl ester after transesterification were not quantitative. This was most likely due to the free fatty acid content in camelina oil as measured by the AV. Free fatty acids react with homogeneous basic catalysts such as sodium hydroxide and methoxide to form soap and water (or methanol in the case of methoxide), thus irreversibly quenching the catalyst and reducing biodiesel yields (Lotero et al., 2005) . Although the AVs of crude camelina methyl and ethyl esters were higher than those of refined, bleached and deodorized canola, palm and soybean methyl esters, they were still below the maximum prescribed limits according to ASTM D6751 and EN 14214:2003. Other parameters, such as kinematic viscosity, derived cetane number (CN), lubricity, sulfur and phosphorus content, as well as surface tension of camelina methyl and ethyl esters, were satisfactory according to ASTM D6751 and EN 14214:2003. However, as has been observed in previous studies (Rice, 1995; Fröhlich and Rice, 2005) , camelina biodiesel performed poorly under cold temperatures, similar to biodiesel prepared from canola and soybean oils, but significantly better than that derived from palm oil. According to Moser and Vaughn (2010) , strategies to improve the low temperature operability (cloud point (temperature below which the waxes in biodiesel solidify, giving the biodiesel a cloudy appearance), pour point and cold filter plug point) of camelina alkyl esters may include the use of additives, blending with biodiesel produced from other feedstocks, crystallization fractionation, transesterification with long-or branchedchain alcohols and blending with petrodiesel.
According to the ASTM D7467 (B6 to B20) standard, the oxidative stability of camelina methyl and ethyl esters were unsatisfactory. Therefore the addition of antioxidant additives or blending with more oxidatively stable feedstocks would be necessary. Otherwise, camelina/petrodiesel blends were indistinguishable from soybean/petrodiesel blends with regard to low temperature performance, kinematic viscosity, lubricity and surface tension.
In summary, the results of both studies indicate that camelina methyl ester and ethyl ester are acceptable as biodiesel fuels provided the oxidative stability is improved through the addition of feedstocks with a lower IV or supplementation with antioxidants. Overall, the properties of camelina alkyl esters, both pure and mixed with petrodiesel, were similar to other commonly used biodiesel fuels, such as soybean, canola and palm methyl esters (Fröhlich and Rice, 2005; Moser and Vaughn, 2010) .
Jet fuel
The first step in the production of renewable jet fuel from vegetable oils, such as camelina oil, is hydrodeoxygenation, also referred to as hydrotreatment. The reaction product, renewable diesel, consists of linear C15-C18 para ffins and freezes at temperatures encountered at the high altitudes reached by most aircraft. Therefore, in order to improve the cold flow properties of the fuel, isomerization to branched paraffins is crucial. According to ASTM D1655 (American standard for aviation turbine fuels), jet fuels must have freezing points below -40°C. Concurrently, paraffins are transformed to shorter-chain hydrocarbons by a process called selective catalytic cracking, which lowers the boiling range of jet fuel in comparison to that of diesel fuel. The resulting product is known as hydroprocessed renewable jet (HRJ) fuel. As a last step, aromatics are introduced, most commonly by blending the renewable hydrocarbons resulting from the reactions described above with conventional petroleum jet fuel. Corporan et al. (2011) compared camelinaderived jet fuel with other alternative jet fuels. Parameters such as oxidative thermal stability, elastomer swell compatibility and combustion emissions were compared to conventional JP-8 fuels. Interestingly, and in contrast to the results often reported for camelina biodiesel, camelinaderived jet fuel exhibited superior thermal oxidative stability compared to JP-8. Furthermore, the data from this study showed that the use of camelina-derived jet fuel produced significantly lower soot and moderately lower unburned hydrocarbons and carbon monoxide than JP-8 fuel. However, elastomer swelling was significantly lower than for JP-8, which may lead to fuel leaks in aircraft systems. In summary, it was demonstrated that camelinaderived jet fuel possessed very similar properties to conventional fuels including excellent physical, chemical and combustion characteristics for use in aviation turbine engines (Corporan et al., 2011) .
Based on the promising performance of camelina-derived jet fuel in preliminary tests, several US companies have initiated the production of renewable jet fuel using camelina oil. Starting in 2009, The US Air Force (USAF) has successfully test-flown different fighter jets on a blend of standard JP-8 jet and camelinaderived renewable jet fuel. Furthermore, camelina derived jet fuel was used by the Thunderbirds, the USAF's official aerial demonstration team, to emphasize the military's commitment to sustainable technology. Not only has the US military shown interest in jet fuel from camelina oil, commercial airlines such as KLM Royal Dutch and Japan Airlines have performed successful test flights with fuel blends containing camelina-derived renewable jet fuel. The popularity of camelina oil as a feedstock for renewable jet fuel was exemplified in the summer of 2011 when two freight planes powered by camelina/JP-8 blend landed after completion of a transatlantic flight at the Paris Air Show.
Renewable diesel from camelina meal
Camelina meal, a by-product of the oil extraction process, can be converted to high carbon, high-energy liquid fuel intermediates by a process called fast pyrolysis. Fast pyrolysis is the thermal conversion of biomass by rapid heating to temperatures between 450 and 600°C, in the absence of oxygen. Such fuel intermediates can be used as feedstocks for the production of renewable diesel (C15-C18 paraffins produced via hydrotreatment, see above) or as a source of aromatic hydrocarbon compounds that can be utilized in the formulation of renewable jet fuel (Boateng et al., 2010) .
Life cycle analysis of camelina-derived biofuels
A life cycle analysis (LCA), also known as life cycle assessment or ecobalance, is a method for determining all costs associated with the use of a fuel or product. LCA would therefore consider raw materials, production, transportation and final use, including the depletion of resources and the release of polluting and harmful substances and their impacts, both at the local and global scale (http://www.csa. com; www.fluorocarbons.org).
A recent LCA of camelina-derived biodiesel, renewable diesel and jet fuel concluded that the life cycle greenhouse gas emissions (water vapour, carbon dioxide, methane, nitrous oxide (N 2 O) and ozone), the cumulative energy demand ('entire demand, valued as primary energy, which arises in connection with the production, use and disposal of an economic good' (VDI, 1997)) and the fossil energy demand of all three camelina-derived fuel types was substantially lower than for petroleum-derived fuel (Shonnard et al., 2010) . According to this study, specifically the life cycle greenhouse gas emissions were reduced by 75-80% for camelina-derived biodiesel, renewable diesel and jet fuel. These findings are of significant importance because they show that all three camelina-derived fuel types qualify as advanced biofuels according to the Renewable Fuels Standard (RFS2) created by the US Energy Independence and Security Act (2007) and administered by the US Environmental Protection Agency (EPA) (http://www.epa.gov).
Another life cycle analysis compared the life cycle energy balance and greenhouse gas emissions of biodiesel derived from camelina grown under different scenarios, with those of biodiesel derived from the traditional biodiesel crops soybean and canola, as well as with those of petrodiesel (Krohn and Fripp, 2012) . Without the consideration of land-use changes, the life cycle fossil energy demand and life cycle emissions of camelina were less than that of canola and considerably less than that of petroleum diesel, but higher than that of soybean. Soybean is a legume and thus able to fix N with the help of symbiotic bacteria, which results in very low N requirements and consequently low fossil energy consumption and greenhouse gas emissions. However, when land-use changes were accounted for in the LCA, the results indicate that camelina biodiesel had lower fossil energy demands and emitted fewer greenhouse gases than biodiesel from soybean or canola (Krohn and Fripp, 2012) .
Political, social and environmental aspects
Over the past 20 years, there has been a growing awareness of the negative political, social and environmental effects of fossil fuels and considerable effort is being directed towards the development of alternative energy sources that are both domestic and renewable (Krohn and Fripp, 2012) . The major crops currently grown for biofuel production are soybean, maize and canola. However, since all three are traditional food crops, they have two substantial drawbacks. First, the demand for biofuels may lead to direct or indirect changes in land use, such as the conversion of forested areas, with large amounts of stored carbon, into agricultural land. This conversion or change in land use results in the release of sequestered carbon into the atmosphere creating a so-called 'carbon debt'. Paying off this carbon debt through the use of biofuel may take years, if not hundreds of years (Searchinger et al., 2008; Krohn and Fripp, 2012) . The second disadvantage to using soybean, maize or canola as a biofuel is the dilemma of 'food versus fuel'. With an evergrowing world population, and thus a steadily increasing demand for food, it seems a moral imperative to reserve arable land and crop production for food (Krohn and Fripp, 2012) .
Since camelina is on the one hand not traditionally a food crop in North America and on the other hand grows well under many biotic and abiotic stresses, it may offer producers and processors an alternative that circumvents the issues discussed above. For example, its heat tolerance, low water requirements and ability to mature in short growing seasons render it well suited to fill fallow periods in dryland wheat farming or as a double crop with short season soybeans or sunflowers (Carlson, 2009) . Furthermore, camelina is so hardy that it can be grown on land that does not support the economic production of other crops. Thus, camelina could be successfully grown on soils reclaimed from mine spoil in the Czech Republic (Petrikova et al., 1996) and in the Westlands Water District in Western Fresno County, California, where thousands of hectares of once-irrigated farmland had been abandoned due to the lack of water and salt build-up (http://westernfarmpress.com/markets/ camelina-offers-hope-california-biofuel-crop).
All these scenarios neither involve land-use changes (LUC) nor take arable land out of food production, which makes camelina one of the most promising alternative oilseeds of the future for the sustainable production of biofuels.
Camelina meal
Camelina meal, or ground camelina oil cake or press cake, is a by-product of the oil extraction process. It consists of approximately 10% residual oil, 45% crude protein (similar to canola meal (Frame et al., 2007) ), 13% fibres, 5% minerals, and minor amounts of other substances, such as vitamins (Zubr, 1993 (Zubr, , 1997 . As already discussed for seed oil, the percentage of individual components in the meal depends on the plant genotype and is further affected by the growing conditions of the crop (Agegnehu and Honermeier, 1997; Angelini et al., 1997; Zubr, 2003) .
The protein in camelina meal is of high nutritional value owing to several essential and conditionally essential amino acids, such as arginine, cysteine, glycine, lysine, methionine and threonine (Zubr, 1997) . Further, camelina meal contains relatively small amounts of antinutritive compounds such as sinapine (1.7-4.2 mg g −1 meal), condensed tannins (1.0-2.4 mg g −1 meal) (Zubr and Matthäus, 2002 ) and glucosinolates (13-36 mmol g −1 meal) (Zubr, 1997; Schuster and Friedt, 1998) . The latter have been identified as 9-methyl-sulfinyl-nonyl glucosinolate, 10-methyl-sulfinyl-decyl glucosinolate (glucocamelinine) and 11-methylsulfinyl-undecyl glucosinolate (Lange et al., 1995; Schuster and Friedt, 1998) . Whereas the first two glucosinolates have also been identified in other cruciferous plants, such as alpine rock-cress (Arabis alpina) and shepherd's purse (Capsella bursa-pastoris), 11-methyl-sulfinylundecyl glucosinolate has only been detected in camelina (Daxenbichler et al., 1991) . Antinutritives present in camelina, such as glucosinolates, are not well understood.
Because of its high nutritional value, the meal was traditionally used as a fodder component (Ollech, 1884; Knörzer, 1978) and with the rising interest in camelina oil as an industrial feedstock, methods of using the meal as a fat-and protein-rich ingredient in today's feed rations are being explored again (e.g. Zubr, 1993; Peiretti et al., 2007; Cherian et al., 2009) . Frame et al. (2007) , for example, investigated the use of camelina meal as a feed ingredient in turkey poult starter diets. The results of this study indicated that increasing amounts of camelina meal (>10%) were accompanied by a corresponding decrease in weight gain and a poorer feed conversion when compared to conventional feedstuffs. Based on this, the authors concluded that camelina meal may be useful only as a minor ingredient in turkey diets and that its percentage should not exceed 5% of the total diet.
A Polish study on dairy ewes revealed that supplementing the diet with small amounts (3 and 6%) of camelina meal resulted in an improved fat composition of the milk, with elevated concentrations of mono-and polyunsaturated fatty acids. Further, the milk from ewes fed camelina meal featured lower atherogenic (causing atherosclerosis) and thrombogenic (causing thrombosis) indices, suggesting potential beneficial effects on consumer health (Szumacher-Strabel et al., 2010) .
A feeding experiment with lactating cows found that moderate amounts of camelina expeller supplemented to a base diet consisting of red clover had no adverse effects on silage dry matter intake, nutrient digestion, or milk production; however, the milk fat composition was altered. Thus, as had been observed for dairy ewes (Szumacher-Strabel et al., 2010) , a decrease in saturated fatty acids and an increase in unsaturated fatty acids were observed (Halmemies-Beauchet-Filleau et al., 2011) . Another feeding experiment with dairy cows revealed that the addition of camelina seed and meal to the diet led to a decrease in total milk fat yield and softer, more spreadable butter, owing to a higher content of unsaturated fatty acids in the milk (Hurtaud and Peyraud, 2007) . In an experiment on the effect of different diets on the reproductive performance of heifers, Moriel et al. (2011) found that heifers fed camelina meal as part of their ration had significantly higher first-service pregnancy rates after timed artificial insemination than heifers fed a control ration.
Based on the results obtained thus far, the US Food and Drug Administration (USDA) approved the use of camelina meal in feed rations given to beef cattle and broiler chickens, provided that the percentage is not higher than 10% (Moser, 2010) . In Canada, camelina meal does not have the 'Generally Regarded as Safe' (GRAS) status and therefore cannot be used as a feed ingredient.
Concluding Remarks
Camelina sativa, also known as false flax or gold-of-pleasure, is a cruciferous oilseed belonging to the Brassicaceae (mustard) family. It is native to Europe and naturalized in North America where it grows well under a wide range of climatic and soil conditions.
The renewed interest in camelina is due to its numerous valuable agronomic attributes and its seed quality. Thus, camelina matures early, has a high yield potential, good drought and heat tolerance and resistance to many common pests and diseases. Its rather unique fatty acid profile is largely unsaturated (>90%) and the seed meal is relatively low in glucosinolates when compared with other crucifers. The meal further has a favourable balance of amino acids, making it a potentially valuable feed for poultry, swine and ruminants.
Although breeding and agronomic research on camelina has been conducted over the past 50 years, relative to other field crops this work has not been exhaustive. Therefore, it is likely that the full potential of this crop remains largely unexplored. Future breeding efforts should therefore focus on seed yield, oil and protein content, seed size, broadleaf herbicide tolerance and disease resistance. Another area of interest for plant breeders and plant molecular biologists is the development of camelina as a dedicated non-food oilseed crop or bioplatform crop that can be used for metabolic engineering of novel oil compositions for industrial applications.
Based on our work, and that of others, the prospects of developing improved germplasms/ cultivars of camelina are promising.
Camelina oil has been successfully converted into biodiesel, renewable diesel and renewable jet fuel with similar physical, chemical and combustion characteristics to conventional petroleum-derived fuel. Life cycle assessments comparing camelina-derived biofuels with conventional fuel have shown that camelina-derived biofuels have lower energy demands and dramatically reduced greenhouse gas emissions (75-80%) compared to conventional fuel. Due to its drought tolerance and short-season nature, camelina is well suited to fill fallow periods in dryland wheat farming, as a double crop with short season soybeans or sunflowers or as a crop on land that does not support the economic production of other crops. These scenarios neither involve land-use changes (LUC) nor take arable land out of food production, which makes camelina one of the most promising alternative oilseeds of the future for the sustainable production of biofuels.
